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Biomass is an important source of renewable energy. Worldwide, the palm oil industry generates large 
amounts of waste materials, such as shells, fibres and palm kernel cake, which can be used for power 
generation. Processing the palm kernel cake into a uniform fuel through pelletisation will be an attractive 
option — assessing the suitability of this process was the main objective of this research. Extensive analytical 
and pelletisation tests were performed to evaluate the physical properties of pellets produced from this 
material. The variables explored included the pelletisation pressure, temperature, fuel moisture and the effect 
of binders, which all had significant effects on density and tensile strength. The most favourable conditions for 
pellet production were a pressure of 9338 psi/64.38 MPa, a temperature of 80-100 °C and a fuel moisture 
content of 7.9%. These pellets had densities of 1184-1226 kg/m 3 and tensile strengths of 930-1007 kPa. 
Adding small amounts of caustic soda (1.5-2.0wt%) to the palm kernel cake under these conditions increased 
the tensile strength to 3055 kPa, whereas starch additives were not found to be effective binders. It is 
estimated that the production of palm kernel cake pellets with 2 wt.% of the caustic soda binder would cost 
approximately £28-47/tonne. 

© 2010 Elsevier B.V. All rights reserved. 


1. Introduction 

To overcome the issues associated with global warming, promot¬ 
ing biomass as a source of renewable fuel is vital, since the use of these 
energy resources is important in protecting the environment. Wood, 
energy crops, agricultural/forestry residues and the organic compo¬ 
nents of municipal and industrial wastes are major sources of biomass 
fuel. Each of them has specific properties that determine their 
performance and characteristics as a fuel. 

The Malaysian palm oil industry has grown tremendously over the 
last four decades and is currently the world's second largest palm oil 
producer and exporter [1]. Malaysia has declared that biomass is the 
fifth fuel in its energy mix, which reduces the demand for fossil fuels 
[2,3]. Solid oil-palm waste materials (including the shells, fibres and 
its kernel) are produced during the palm oil milling process. 
Currently, most of the wastes generated are left to decompose in 
the plantation areas and are used as soil conditioners [4]. For every ton 
of oil-palm fruit being fed to the refining process, about 0.07 tons of 
palm shell, 0.103 tons of palm fibre and 0.012 tons of kernels are 
produced as solid wastes [5]. Waste from the palm oil industry, 
particularly the palm kernel cake (PKC) is abundant and can help 
meet the energy demand, if managed properly [6]. However, the 
research that has been carried out on the utilisation of PKC for energy 
production is very limited. 
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1.1. Fuel pelletisation 

Pelletisation is a process of compacting loose material to form a 
densified, homogeneous product. Pellets are often favoured for fuel 
applications because of their enhanced physical properties, as well as 
being easy to feed and handle. According to Grover and Mishra [7], the 
most influential parameters in the selection of raw materials are the 
moisture content, ash content, flow characteristics and particle size. 
Most pelletisation processes involve either compression of extrusion 
techniques. 

Nasrin, et al. [2] investigated the physical and chemical properties 
of pellets made from palm oil biomass. It was found that the 
conversion of a mixture of empty fruit bunches and PKC into a 
uniform fuel, such as pellets, can improve their properties and value, 
including the energy content, by reducing the moisture levels by 5% 
and 38% respectively. 

Other studies have investigated the pelletisation of a range of other 
biomass fuels. Bhattacharya, et al. [8-10], for example, studied several 
biomass wastes and found that there were marked improvements in 
the combustion characteristics of pelletised biomass compared to the 
loose, raw material. Ryu, et al. [11] evaluated the quality (density, 
swelling, tensile strength and durability) of spent mushroom 
compost-coal tailing pellets. It was found that both materials were 
significantly influenced by the moisture content, where the optimum 
to produce good quality pellets was 10% for the coal tailings and 20% 
for the spent mushroom compost. Pelletisation at pressures exceeding 
6000 psi (>41.37 MPa) did not show any significant improvements in 
density or strength from those made at 6000 psi (41.37 MPa). Finney, 
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et al. [12] later evaluated caustic soda and maize starch binders for 
these materials, in addition to inherent binders. They found that pellet 
tensile strength increased significantly by adding small amounts 
of either binder (up to 1 wt.%). The overall quality of the pellet 
could be further improved by pelletisation at elevated temperatures 
(45-75 °C), which softened the lignin components of the biomass, 
acting as a natural binder. 

O'Dogherty, et al. [13] studied the energy required to form a pellet 
made from straw. They found that the specific energy increased 
linearly from 11 to 24 MJ/t for a pellet density range of 300-600 kg/ 
m 3 . Trezek, et al. [14] studied the specific energy required to produce 
pellets from the light fraction of municipal solid waste. They found 
that most of the energy consumed was for material deformation; to 
overcome die friction required about 51.84 MJ/t of energy at a 
moisture content of 15%. Mani, et al. [15] determined the energy 
requirements for briquetting corn stover at different pressures and 
moisture contents. It was discovered that the specific energy 
consumption (12-30 MJ/t) was dependent on briquette density. 
Almost half of the total energy required in the compaction of the 
corn stover was used to overcome the surface friction. 

1.2. Costs of pelletised fuel production 

The costs involved with biomass fuel pelletisation have been studied 
extensively and there are guidelines on how to evaluate the costs of 
manufacturing biomass pellets [16-20]. Thek and Obernberger [19] 
outline the four main costs to consider for the production of fuel pellets: 
(i) the total capital costs, (ii) consumption costs, (iii) operating costs and 
(iv) any other costs. Thek and Obernberger [19] and Mani, et al. [21] 
stated that about one third of the total production costs for wood pellets 
are for the raw material and personnel. The drying (particularly 
involving very wet raw materials) and manufacturing processes were 
also considered as major contributions to the production costs. 

A typical cost analysis for the production of fuel pellets includes 
plant capacity (t/h), hours of operation (h/day), total number of 
production days per year (days), electricity costs (currency/kWh), 
interest rate (%), average equipment utilisation period (year), labour 
wage (currency/h) and number of shifts [16]. Sultana, et al. [18] 
reported that the field and transportation costs contributed the most 
to the total pelletisation costs of wheat, barley and oat residues. The 
costs of producing one tonne of pellets from these residues were 
$170.89 (£116.34), $129.42 (£88.11) and $122.17 (£83.17) respec¬ 
tively. The typical costs for loading and unloading biomass in North 
America are reported as $5.45/tonne (£3.71/tonne) [18]. Transporta¬ 
tion costs for moving corn stover bales about 64 km (40 miles) was 
estimated to be $54.57/dry tonne (£37.12/dry tonne) [22]. 

Mani, et al. [21 ] reported that the cost of producing sawdust pellets 
could be economically viable, about $51/tonne (£34.70/tonne) for a 
plant with a capacity of 45,000 tonnes/year. Chaiyaomporn and 
Chavalparit [23] evaluated the production costs of pellets made from a 
mixture of palm fibre and palm shell (80:20) with 10% moisture 
content. The analyses were based on three main factors, namely the 
cost of the raw materials, transportation and manufacturing. They 
found that the total production costs were around 1140 baht/tonne 
(£24/tonne). 

1.3. Project objectives 

The main objective of this research was to examine the effects of 
process parameters on the physical properties of palm kernel cake 
pellets, such as tensile strength, density and durability. The variables 
investigated included the pelletisation pressure, temperature, fuel 
moisture content and the effect of binders. An attempt was made to 
determine the optimum values of these parameters, which would 
result in the best pellet quality. This could help promote PKC as a 
source of renewable fuel in the future. 


2. Materials and experimental methods 

2.1. Materials 

The palm kernel cake used for these tests was supplied by A.M.E 
Teras Marin Services Ltd. The sample was finely crushed, until the 
average particle size was 2 mm in diameter. The PKC has a bulk 
density of 623 kg/m 3 prior to pelletisation. Standard analytical tests 
were performed on this material. Table 1 shows the calorific value 
and the results of the proximate and ultimate analyses for the PKC. 
The material had a very high volatiles content (71.84 wt.%), with a 
small amount of fixed carbon (16 wt.%). The calorific value (18.67 MJ/ 
kg) was lower than that of lignite (-28 MJ/kg), possibly due to the low 
fixed carbon content. The oxygen content was high, and although this 
was calculated by difference and may therefore contain some errors, 
this may also negatively impact the calorific value of the fuel [24]. The 
ultimate analysis indicates that PKC could be an environmentally 
friendly fuel, as it has a low sulphur content. 

Elemental analysis was also performed on the PKC. Table 2 lists the 
main elements. High concentrations of potassium (K) and phosphorus (P) 
were found and are thought to be due to the presence of potassium 
nitrate (KN0 3 ) and phosphoric acid (H 3 P0 4 ) that are used in fertilisers 
[24-26]. High alkali metal (potassium and sodium) contents in fuels can 
be problematic during combustion; this increases the alkali metal oxide 
content in the ash residues, lowering their melting/fusion temperatures 
and potentially leading to slagging and fouling [27]. PKC was found to 
contain only low levels of toxic and heavy metals, such as antimony (Sb), 
arsenic (As) and lead (Pb). Based on the material specifications provided 
by the supplier, the PKC also contained about 21% of protein and fat from 
the palm oil residue. 

2.2. Pelletisation experiments 

2.2.1. Experimental set-up 

PKC pellets were manufactured using the compression pelletiser 
shown schematically in Fig. 1. This consisted of a stainless steel 
cylindrical pelletisation chamber (150 mm high, with an internal 
diameter of 26.8 mm) and a ram. The mould was fixed below the top 
plate and the ram was attached to the movable platform (hydraulic 
press). About 20 g of material was loaded through the top of the 
mould to the centre of the pelletiser. This pelletiser could compress 
the material up to a maximum pressure of 10,000 psi (68.95 MPa). 
Two rope heaters (OMEGA FGR-060, 250 W each) were used to heat 
the mould and a K-type mineral insulated thermocouple was 
connected to a temperature controller to manipulate the temperature, 
which had an operating range of -20-300 °C. 

2.2.2. Experimental conditions 

The experiments were designed to investigate the effect of a range 
of parameters on PKC pellet properties. Firstly, the effect of the fuel 
moisture content was assessed, comparing three moisture contents. 


Table 1 

Experimentally-determined gross calorific value and proximate and ultimate analyses 
of palm kernel cake. 



Analysis 

Palm kernel cake 

Proximate 

Moisture 

7.92 

(%, as received) 

Ash 

4.28 


Volatiles 

71.84 


Fixed carbon 

16.00 

Ultimate 

C 

52.53 

(%dry, ash-free) 

H 

5.65 


O 

38.93 


N 

2.86 


s 

0.03 

Gross calorific value (MJ/kg) 


18.67 
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Table 2 

Elemental analysis of palm kernel cake. 


Element 

Concentration (mg/kg) 

Arsenic 

1.0 

Calcium 

4960 

Chromium 

2.8 

Copper 

21 

Iron 

1300 

Potassium 

6500 

Magnesium 

2700 

Manganese 

240 

Molybdenum 

0.35 

Sodium 

23 

Phosphorous 

5900 

Lead 

0.5 

Antimony 

0.07 

Zinc 

40 


To increase the moisture content from the ‘as received’ level of 7.9%, 
the sample was wetted, mixed thoroughly and left it in an air-tight 
container for a period of 48 h; this increased the moisture content to 
15%. The PKC was also oven dried at 60 °C overnight to reduce the 
moisture content to 5%. 

Secondly, the impact of pelletisation pressure was evaluated. The 
pressures tested varied from 4060 to 9338 psi (28.0 to 64.4 MPa); a 
holding time of 5 s at the maximum pressure was used for all pellets. 
The optimum pressure was then used to examine the effect of 
temperature, comparing room temperature (~20°C) to elevated 
temperatures of 40, 60, 80, 100 and 120 °C. 

Once the optimum pressure (9338 psi/64.4 MPa) and temperature 
(80 °C) had been both established, these conditions were subse¬ 
quently used to study the effect of the binders and how they influence 
agglomeration. Two different types were used: organic and inorganic 
binders. The organic binders were different types of starch — maize, 
tapioca and potato starch, and the inorganic binders were caustic soda 
(NaOH) and calcium carbonate (CaC0 3 ). The PKC was mixed with 
various amounts of each starch (up to 20 wt.%) in powder form prior 
to pelletisation. Various amounts of caustic soda (up to 2.5 wt.%) and 
calcium carbonate (up to 5 wt.%) were also tested. 


2.2.3. Evaluation of pellet quality 

Pellet quality was determined by examining pellet density (p), 
tensile strength (TS) and durability. Student's t-tests were carried out 
to evaluate the statistical significance between results for density and 
tensile strength. 


/? 



Fig. 1. Schematic of the compression pelletiser. 


The pellet density (p, kg/m 3 ) was calculated using the following 
formula: 

p = W/nLd (1) 

where W is the pellet weight (kg), L is the pellet length (m) and d is 
the pellet diameter (0.0268 m). 

The pellet tensile strength (TS, in kPa) was calculated based on its 
compressive strength (CS, in N) and the pellet dimensions; this relates 
pellet size and shape to its cohesion [12]. The compressive strength 
was analysed using the Brazilian test, where the sample was placed 
between the two plates of a Monsanto tensometer and pressure 
applied. The maximum radial force before fracturing was recorded. 
The tensile strength was then calculated using the following equation: 

TS = 2CS / TtLd (2) 

Durability testing was based on the procedure described by Ryu, et 
al. [11]. Five pellets (limited by drum capacity) were placed in a 
100 mm x 200 mm Perspex cylinder with a small baffle and mounted 
onto a lathe, which rotated at 40 rpm. The drum was rotated for a total 
of 10 min and was stopped at 5 min intervals. Durability (%), the ratio 
of the initial weight (Wi) and the final weight (W 2 ), both in kg, was 
calculated using the following equation: 

Durability = WyVl^xlOO (3) 

The process was repeated three times for each case and an average 
was taken. There are other similar methods available for assessing 
durability, such as ASAE S269.4 (ASAE 1996) [28,29]. This method 
requires a 300 mm x 300 mm x 125 mm tumbling device with a 
230 mm long baffle to create a tumbling effect. Due to the time and 
cost constraints and readily available data for comparisons, the 
alternative procedure described above was used in this study. 

3. Results and discussion 

3 A. Effect of fuel moisture content 

The effect of the moisture content on biomass pellet qualities, such 
as density, strength and durability has been examined by various 
researchers [11,13,15,30]. In this study, however, a relationship 
between moisture and pellet quality could not be established, as 
viable pellets could not be produced at high or low moisture contents 
and could thus not be tested. In the case of high moisture levels (15%), 
the pellets collapsed immediately upon ejection from the mould 
(Fig. 2a). At low moisture contents (5%), the pellets cracked instantly 
after being removed from the mould, as shown in Fig. 2b. Fig. 2c shows 
a good quality pellet produced at the ‘as received’ moisture content of 
7.9%. As this was the only moisture level to produce coherent pellets, 
all subsequent tests were conducted at this moisture content. 

a b c 


Fig. 2. Palm kernel cake pellets produced at different moisture contents: (a) at a high 
moisture content of 15%, (b) at a low moisture content of 5% and (c) at an ‘as received’ 
moisture content of 7.9%. 
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Fig. 3. Effect of pressure on palm kernel cake pellet density and tensile strength. 


3.2. Effect of pressure 

Fig. 3 shows the effect of pelletisation pressure on the tensile 
strength and density of PKC pellets. Pellets formed at higher pressures 
were found to be stronger and more uniform in shape over time. As 
the pressure increased from 4060 to 9338 psi (28.0 to 64.38 MPa), the 
densities of the PKC pellets, calculated using Eq. (1 ), increased steadily 
from 1060 to 1187 kg/m 3 . This is due to the low compression energy 
required to fill the inter-particle spaces during the compression 
process [11]. The density of the PKC pellets was almost comparable 
with the pellets made from palm fibres and shells, which ranged 
between 1100 kg/m 3 and 1200 kg/m 3 [31]. 

The pellet tensile strengths, calculated using Eq. (2), increased 
from 72 to 387 kPa as the pressure increased from 4060 to 9338 psi 
(28.0 to 64.38 MPa). Although a slight increase in density was 
observed between pelletisation pressures of 8120 and 9338 psi 
(55.99 to 64.38 MPa), the tensile strength of the pellets was found 
to increase quite significantly. The highest tensile strength (387 kPa) 
and the greatest pellet density (1187 kg/m 3 ) were both obtained at a 
maximum pelletisation pressure of 9338 psi (64.38 MPa). 

3.3. Pressure-density relationships 

The association between pressure and density has been established 
by many researchers. O’Dogherty, et al. [13] suggested that the 
association between the density and pressure of high-density straw 
pellets was a simple power-law. Husain, et al. [31] established the 
relationship between the pressure and density of palm fibre and shell 
briquettes; they found an exponential increase in density with the 
increase in pressure. Fig. 4 shows the plot of pressure and density for the 
PKC pellets. There is also an exponential increase in density with the 
increase in PKC pelletisation pressure. The relationship is in the form of: 

P = 3.689e 00066p (4) 

where P is mould pressure in psi. 



Fig. 4. Relationship between pelletisation pressure and palm kernel cake pellet density. 



Temperature (’C) 

Fig. 5. Effect of temperature on palm kernel cake pellet density and tensile strength. 

3.4. Effect of pelletisation temperature 

The tensile strength of the PKC pellets was found to improve 
significantly at elevated temperatures, as shown in Fig. 5. As the 
pelletisation temperature increased from 20 to 40 °C, the tensile 
strength increased from 358 kPa to 914 kPa. The density, however, 
showed only a slight increase, from 1157 kg/m 3 to 1200 kg/m 3 . For 
the pellets formed at temperatures above 40 °C, the tensile strength 
increased steadily from 914 kPa at 40 °C to 989 kPa at 100 °C. This 
may be due to a natural binding effect, where the lignin content of the 
material was softened and bound the pellets upon compression [32]. 
Beker, et al. [33] suggested that the protein and the long cellulose fibre 
content of biomass are responsible for the bonding and stabilisation of 
pellets. The optimum pelletisation temperature was found to be in the 
region of 80-100 °C. Temperatures above 100 °C had negative effects 
on the pellet tensile strength, which may be due to the evaporation of 
water, which resulted in lower moisture contents. 

3.5. Effect of binders 
3.5.1. Inorganic binders 

Two inorganic binders were used in this study: caustic soda 
(NaOH) and calcium carbonate (CaC0 3 ). Figs. 6 and 7 show the effects 
of these binders on PKC pellets, in terms of density and tensile 
strength. As the concentration of caustic soda increased from 0.5 wt.% 
to 2.0 wt.%, the tensile strength increased from 1441 kPa to 3055 kPa 
(Fig. 6). However, further additions reduced the tensile strength to 
1968 kPa. Caustic soda has the ability to bind loose particles together, 
thus improving pellet quality. However, it is important to note that, 
caustic soda may cause problems to the combustion system. As 
reported in Finney et al. [27], the combustion efficiency of spent 
mushroom compost-coal tailing pellets was reduced from 95% to 
88.7% when a caustic soda binder was used to aid pellet agglomer¬ 
ation. Furthermore, higher concentrations of alkali metals were found 
in the ash, which could induce slagging/fouling, as reported above 



Fig. 6. Effect of caustic soda on the tensile strength and density of palm kernel cake 
pellets. 














































R. Razuan et al. / Fuel Processing Technology 92 (2011) 609-615 


613 



n 

Q_ 


3 


Fig. 7. Effect of the calcium carbonate binder on the tensile strength and density of palm 
kernel cake pellets. 


Table 4 

Student's t-test (two-sample assuming unequal variances) for the palm kernel cake 
pellets with 5 wt.% calcium carbonate binder. 



Variable 1 

Variable 2 

Mean 

991.94 

1460.52 

Variance 

1201.25 

5169.96 

Observations 

5 

5 

Hypothesized mean difference 

0 


Df 

6 


t Stat 

-13.13 


P(T<=t) one-tail 

6.03E-06 


t Critical one-tail 

1.94 


P(T<=t) two-tail 

1.21E-05 


t Critical two-tail 

2.45 



Variable 1: Tensile strength of PKC pellet without binder (control). 
Variable 2: Tensile strength of PKC pellet with 5 wt.% calcium carbonate. 


(Section 2.1). It is therefore important to keep the amount of caustic 
soda as low as possible, but not to compromise pellet quality. On the 
other hand, Yang et al. [34] studied the effect of sodium compounds 
on NO reduction at high temperatures in NOx control technologies. 
They found that the NO reduction efficiency was increased from 50% 
to 82.7% when the weight ratio of sodium hydroxide to the reburning 
coal was 3% and the supplied air to theoretical air ratio was 0.6. 

As seen in Fig. 7, the tensile strength of the PKC pellets increased 
gradually with the increase in calcium carbonate from 0.5 wt.% to 
2.0 wt.%. Further increases in calcium carbonate resulted in a steep 
increase in tensile strength, over 1450 kPa for 5 wt.%, although the 
strengths attained were not as high as for the caustic soda binder. The 
effect on the density was less clear. In both cases, the density 
fluctuated between 1192 kg/m 3 and 1237 kg/m 3 . 

Student's t-tests were conducted for both inorganic binders to 
assess the differences between these and the control, where no binder 
was included. The results for the tensile strength of PKC pellets with 
these binders are given in Tables 3 and 4; these show that the effects 
of both binders on pellet tensile strength were highly significant using 
a 95% confidence interval (P<0.05). 


3.5.2. Organic binders 

Three organic binders were chosen for this study: maize starch, 
tapioca starch and potato starch. Maize starch was the most effective 
of the starch binders, but was not as successful in aiding binding as 
either of the inorganic binders considered above (Section 3.5.1). As 
shown in Fig. 8, adding up to 10 wt.% of maize starch improved the 
tensile strength of PKC pellets, increasing it to 1057 kPa. The tapioca 
starch and potato starch had very little effect at low concentrations 
(5-10 wt.%); further additions of up to 20 wt.% deteriorated the 
pellets in terms of tensile strength, even though density increased 


slightly in both cases with increasing proportions of these binders 
(Figs. 9 and 10). 

3.6. Pellet durability 

Table 5 shows the comparison between the durability of PKC pellets 
and pellets made from wood, straw and spent mushroom compost. The 
durability of the compressed PKC pellets, calculated using Eq. (3), was 
almost 50% lower than the other pellets. These low durability results 
may be due to the fact that PKC contains fat from the palm oil residue. 
Briggs, et al. [35] stated that increased oil contents produce poorer 
quality pellets. Since most particle binding incorporates water or, when 
involved, solubilised starches, proteins and fibres, fat with its 



Fig. 8. Effect of maize starch on the tensile strength and density of palm kernel cake 
pellets. 


Table 3 

Student's t-test (two-sample assuming unequal variances) for the palm kernel cake 
pellets with 2 wt.% caustic soda binder. 



Variable 1 

Variable 2 

Mean 

991.94 

3054.57 

Variance 

1201.25 

17,027.45 

Observations 

5 

5 

Hypothesized mean difference 

0 


Df 

5 


t Stat 

-34.16 


P(T<=t) one-tail 

2.02E-07 


t Critical one-tail 

2.02 


P(T<=t) two-tail 

4.04E-07 


t Critical two-tail 

2.57 



Variable 1: Tensile strength of PKC pellet without binder (control). 
Variable 2: Tensile strength of PKC pellet with 2 wt.% caustic soda. 
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Tapioca starch (wt%) 


Fig. 9. Effect of tapioca starch on the tensile strength and density of palm kernel cake 
pellets. 
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Potato starch (wt%) 

Fig. 10. Effect of potato starch on the tensile strength and density of palm kernel cake 
pellets. 

hydrophobic nature may interfere with the binding properties of the 
water-soluble components in the mixture. Furthermore, fat acts as a 
lubricant between the particles and the wall of the mould, which may 
result in a lower compacting pressure [36]. According to Ryu, et al. [ 11 ], 
the high durability of wood pellets is due to their lignin content that aids 
binding at elevated temperatures. Further investigations into a specific 
binder are needed to enhance the durability of PKC pellets. 


3.7. Cost of PKC pelletisation 

Due to the similarity in terms of geographical region and waste 
source between the material investigated here and those of 
Chaiyaomporn and Chavalparit [23] and using the pelletisation 
process parameters in Thek and Obernberger [19], it is estimated 
that the total production costs of PKC pellets would be between £24 
and £43/tonne. This is based on the PKC material supplied in dry, 
powder form. The cost breakdown was based on the case study in 
Austria, as reported in Thek and Obernberger [19]. This included: 
(i) the cost of the dry raw material, which was £3.35/m 3 ; (ii) a plant 
capacity of 24,0001 of pellets produced per annum; (iii) transporta¬ 
tion costs of £1.25/km (based on an ordinary truck with a capacity of 
95 m 3 ); and (iv) a plant operating seven days a week, with three shifts 
per day. However, to maintain homogeneity of the raw material as 
well as the quality of the final product, a sieving machine is still to be 
considered. 

As discussed in Section 3.5.1 above, adding small amounts of 
caustic soda could significantly improve pellet quality, although this 
may also increase the production costs of the pellets. Adding 2% of 
caustic soda may elevate the production costs from £24-43/tonne to 
£28.20-47.20/tonne (considering a price of £210/tonne for the caustic 
soda) [37]. 


Table 5 

Durability of palm kernel cake pellets tested using a rotating drum compared to other 
biomass fuel pellets. 


Pellet type 

Pelletisation conditions 

Durability (%) 
after 10 min 

Wood pellet 3 

extruded 

98.8 

Straw 3 

2436 psi 

98.8 

Coal tailings 3 

2436 psi, air-dried 

79.7 

Spent mushroom compost 3 

2436 psi, air-dried 

93.0 

PKC pellet 

9338 psi, 80 °C, 1.5 wt.% NaOH binder 

48.9 


9338 psi, 80 °C, 10 wt.% maize binder 

47.0 


a Data obtained from [12]. 


4. Conclusions 

Pelletisation experiments were conducted to determine the 
optimum value for various process parameters for the formation of 
good quality biomass fuel pellets from palm kernel cake — a waste 
material from the palm oil industry. It has been established that palm 
kernel cake can be pelletised to relatively high densities and tensile 
strengths at elevated temperature and pressure. The moisture content 
of the biomass strongly affected pellet quality; increasing the 
moisture from the ‘as received’ level of 7.9% caused pellets to 
deteriorate, whereas reducing the moisture content resulted in the 
formation of weak pellets that were prone to cracking. The optimum 
conditions for the production of these pellets were found to be a 
moisture content of 7.9%, a compaction pressure of 9338 psi 
(64.38 MPa) and a pelletisation temperature of 80-100 °C. At these 
conditions, the pellets formed had a density of 1184-1226 kg/m 3 and 
a tensile strength of 930-1007 kPa. 

Small additions of inorganic binders improved the quality of the 
palm kernel cake pellets. Caustic soda (<2 wt.%) increased the tensile 
strength to a maximum of 3055 kPa, where the density fluctuated 
between 1192 kg/m 3 and 1237 kg/m 3 . Improvements were also seen 
with ~5 wt.% of calcium carbonate, where the tensile strength reached 
~ 1500 kPa. Of the three organic binders tested, only small amounts of 
maize starch resulted in improved pellet quality, although this was 
not as effective as the inorganic binders. The addition of the other 
organic binders (tapioca starch and potato starch) did not result in 
any improvements in terms of tensile strength or density. 
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Abbreviations and Nomenclature 

CS: Compressive strength (N) 
d: Pellet diameter (m) 

L: Pellet length (m) 

P: Pelletisation pressure in the mould (psi) 
PI<C: Palm kernel cake 
TS: Tensile strength (kPa) 

W: Pellet weight (kg) 

W 7 ; Weight of the initial pellet (g) 

W 2 : Weight of the final pellet (g) 
p: Pellet density (kg/m 3 ) 


